INTRODUCTION
Manganese disulfide, manganese ditelluride and manganese diselenide all crystallize with pyrite-~ype structures l -3 in which manganese atoms and the center of the dichalcogenide groups form a sodium chloridelike arrangement. The structure is primitive cubic since the axes of the four X2 groups in the unit cell (symmetrical about 0, !, 0, etc.) are parallel to different body diagonals. Each manganese atom is octahedrally coordinated to six chalcogen atoms, while each chalcogen atom is tetrahedrally coordinated to three manganese and one chalcogen atom.
These paramagnetic compounds have five unpaired spins. 3 ,4 Antiferromagnetic spin arrangements have been observed by neutron diffraction 5 ,6 near 4°K. The ditelluride was found to exhibit an ordering of the first kind,1 in which each manganese atom has eight nearest metal neighbors with antiparallel spins and four with parallel spins, while all six second-nearest metal neighbors have spins parallel to the central atom. In the case of the disulfide, the ordering was found to be of the third kind,s which differs from the first kind in the arrangement of the second-nearest neighbors, with only four of them having parallel spins.
The present study was undertaken to gain further insight into the magnetic order-disorder processes by exploring the shape and location of the expected heat capacity maxima. Furthermore, it was anticipated that resolutions of the magnetic contributions to the heat capacities and thermodynamic functions of these compounds would be possible.
EXPERIMENTAL
Samples abraded with fine emery paper on all faces to remove oxidation products. Chemical and spectrographic analyses were performed on several crystals. Duplicate chemical analyses by L. Reichen on one crystal indicated an average of 45.93% Mn and 53.65% S, corresponding to the formula MnS2.(){). Determinations on two other crystals by C. O. Ingamels indicated 46.46% Mn by weighing as Mn2P20 7, 52.90% S by the fusion method, and 53.20% S by oxidation to elemental sulfur and sulfate. From these sulfur values, the composition of the sulfide would be deduced as MnS1.9. Independent spectrographic analyses by W. H. Worthring and N. Suhr agreed on the presence of Sn (0.05%), Fe (0.03%), and Si (0.02% and 0.06%). In the sample further impurities found were as follows: V (0.03%), Ca (0.007%), Cr (0.002%), Mg (0.002%), Co (0.001 %), Ni (0.001 %), Nb (0.0007%), Ba (0.0003%), Mo (0.003%), and Ti (0.0003%). The following elements were also sought but not found: Ag, As, Au, B, Be, Bi, Cd, Ce, Ga, Ge, Hf, Hg, In, K, La, Li, N a, Pb, Pd, Pt, Re, Sb, Se, Sr, Ta, Te, Th, TI, U, W, Y, Vb, and Zr. Se and Te were not detected by x-ray fluorescence.
The lattice constant determined on powdered specimens using a Guinier-type camera with KCl (a20= 6.2919 A) as an internal standard were a= 6.102± 0.001 A, which agrees well with earlier values 9 (6.109± 0.005 A*,IO 6.107±0.003 A,1l6.1008±0.0001 A at 29°C,12 and 6.1016 A at 20°C. 13 The manganese ditelluride sample was prepared by reacting stoichiometric amounts of manganese and tellurium in an evacuated and sealed quartz tube. The 99.995% electrolytic manganese supplied by Light Ltd. was reported to contain the following impurities (in ppm): Cu<l, Mg<5, Si<5. After pickling the The manganese disulfide used was m the form of metal with 5% nitric acid in ethyl alcohol, it was selected naturally occurring hauerite single crystals degassed in vacuo at 600°C for 2 h. The 99.999% from Raddusa, Sicily. The crystals were carefully tellurium from the American Smelting and Refining 3820
Co. contained no impurities detectable by spectrographic methods. The manganese-tellurium mixture was heated at 800°C for two days in a double-walled tube and, after cooling to room temperature, the telluride separated from the shattered inner tube. 
Cyrogenic Technique
The heat capacities were measured in the Mark II cryostat 16 with intermittent heating of the sample under quasiadiabatic conditions. The gold-plated copper calorimeter (laboratory designation W-31) with a capacity of 48 cm 3 was surrounded by adiabatic shields provided with electronic control. These consisted of three separate channels of recording circuitry with proportional, rate, and reset actions. Temperature differences between calorimeter and shields were maintained within a millidegree, and thereby the heat exchange was reduced to a magnitude negligible compared with other sources of error. The heat capacity of the calorimeter-heater-thermometer assembly was determined in a separate series of experiments. Small corrections were applied for the differences in the amounts of indium-tin solder for sealing the calorimeter, Apiezon-T grease for thermal contact between calorimeter and heater-thermometer assembly, and helium of about 10 cm Hg pressure for improving thermal equilibration between calorimeter and sample. Temperatures determined with the strain-free platinum resistor (laboratory designation A-5) are considered to accord with the thermodynamic temperature scale to within O.03°K. All measurements of mass, temperature, resistance, 
RESULTS AND DISCUSSION
The experimental heat capacity values for manganese disulfide (hauerite) and manganese ditelluride are listed in Table I in chronological sequence at the mean temperatures of the measurements. The data have been corrected for curvature of the heat capacity curve and are given in terms of the defined thermochemical calorie, equal to 4.1840 J, and an ice point of 273.15°K. The probable errors in the measurements are considered to decrease from about 3% at 5°K to 0.5% at lOOK and to less than 0.1 % above 20°K.
In both compounds, A-type maxima in the heat capacities were observed, the one in hauerite rising rather sharply to a max:mum of 87.26 caljmole,oK over a 0.04°K interval at 47.93°K, and the one in manganese ditelluride to a less pronounced maximum of 17.52 caljmole' OK at 83.0 o K. These anomalies are shown in Figs. land 2.
The smoothed heat capacities and thermodynamic functions derived from them by means of a digital computer using a previously described program17 are given in Table II for selected temperatures. The thermodynamic functions may be considered reliable to better than 0.1 % above 100oK.
Enthalpy-type determinations (l1H Run E, 80-l13°K, and l1H Run F, 113-18loK on MnS2; l1H Run A, 54-93°K, and l1H Run B, l20-208°K on MnTe2) noted in Table I provide a test of the heat capacity measurement and integration procedures. The enthalpy increments thus determined accord with corresponding values derived from the smoothed heat capacity curves well within ±O.l %.
In order to evaluate the energy associated with A-type transitions in MnS2 the Debye e's calculated from the experimental heat capacities at constant pressure were ASt=O.SS caI/mole·oK and AHt=41 caI/mole (see Table IV ).
The estimated entropy values are only a fraction of the value R In6=3.S6 caI/mole·oK expected for randomization of the manganese 3d electrons over the state 6S5/ 2 and indicate that some of the levels are 220r------------------------------ 5 show a Weiss constant of about 600 0 K which might be explained in terms of a large zero-field splitting of the ±~ and especially of the ±! levels from the ±t levels. The observed molar susceptibility data can be fitted by the equation . According to this picture, the A-type transition should involve mainly the ±t states, since the higher ones are slightly populated at the transition temperature, and are not fully excited even at 298°K. At this temperature, the transitional entropy contribution is R In6 minus that for the order persisting at 298°K, i.e., IlSt= 3.56-0.60= 2.96 caI/mole-oK.
Separation of the magnetic heat capacity from that of the lattice presupposes knowledge about the phonon dispersion spectrum which, unfortunately, is not yet available. Direct comparison with the structurally related iron compounds is questionable because of the large influence of the number of unpaired 3d electrons on the metal-nonmetal bond distances (2.59 A in hauerite and 2.27 A in pyrite) and thus on the lattice heat capacity. An estimate of the lattice heat capacity can be obtained by subtracting the assumed Schottky contribution from the observed heat capacity in the region above 70 0 K (where the contribution of the A-type transition presumably vanishes) and calculating OD'S for residual heat capacity. These are joined smoothly with those in the region 1O-15°K to provide a lattice estimate over the anomalous region. With this tentative lattice contribution (see Fig. 4 ) a magnetic entropy increment IlS at 298°K= 2.6 caI/mole. OK is obtained. Residual contributions from the A-type transition above 70 0 K and antiferromagnetic spin waves below 15°K would tend to increase this value.
The relative sharpness of the heat capacity maximum in MnS2 poses the question as to whether or not the transition is of first order. It might be answered by the Landau theory of phase transitions,19 which puts definite and quite restrictive conditions on the changes in symmetry allowed during a higher-order transition. Dimmock 20 has discussed these requirements for the magnetic transition in MnSe2 and found that the low-temperature structure cannot transform con-tinuously into the pyrite-type structure; for MnS2 and MnTe2 no such restrictions exist. However, even for MnS2, isothermal heat absorption must be small since the enthalpy increment over a O.04°K interval at the maximum is only 3.5 caljmole. The large naturally occurring single crystals employed may have contributed to the relative sharpness of the transition in comparison with those in other antiferromagnetic substances studied in the form of fine crystalline particles of synthesized samples. X-ray diffraction studies of MnS2 in a cryostat on a horizontal Ge goniometer showed the same profiles of the split (\:1 and lX2 lines above and below the transition. The structure seemingly remained cubic, with a= 6.096 A at 4°K.
For MnTe2 the structure also remains cubic with no indication of deformation on cooling through the transition region. The lattice constant at 4°K is a= 6.931 A. Fig. 3 together with the experimental data.
The results indicate, just as for MnS2, that the higher levels are only partially populated at 298°K. Although the temperature region of the Schottky anomaly is indicated to go below that of the A-type transition in Fig. 4 , resolution of the two phenomena is probably not feasible in this region. As evidenced by the broadness of the heat capacity maximum, the degree of cooperation is smaller than for MnS2 where the Schottky contribution is less because of higher population of the ground state. Other effects might, however, be asor more-important.
An estimate of the MnTe2 lattice heat capacity was obtained in the same way as for MnS2 by calculating Debye (J's outside the transition region after subtracting the assumed Schottky contribution from the observed heat capacity above the A transition (see Fig. 4 ). The resulting transitional contribution to the entropy at 298°K is then LlSt= 2.4 caljmole· OK. The entropy not yet ~,cquired in the Schottky transition is 0.60 calj mole· OK. Thus, about 85% of the expected contribution is accounted for. Evaluation of the lattice heat capacity by other more accurate methods (e.g., inelastic neutron scattering) is a desideratum.
